In order to prepare swellable/erodible time-dependent colon delivery systems with improved efficiency in delaying drug release, the application of an outer Eudragit ® NE film, which contained the superdisintegrant Explotab ® V17 as a pore former, was attempted. Tablet cores were successively spray-coated with a hydroxypropyl methylcellulose (HPMC) solution and diluted Eudragit ® NE 30 D wherein fixed amounts of Explotab ® V17 were present. The resulting two-layer systems yielded lag phases of extended duration as compared with formulations provided with the HPMC layer only. By raising the thickness of the outer film, longer lag times were generally observed whereas the effectiveness in deferring the drug liberation was reduced by increasing the pore former content, which, however, also resulted in a lower data variability. The films containing 20% of Explotab ® V17 effectively and consistently prolonged the in vitro lag phase imparted by HPMC as a function of their thickness. Stored for 3 years under ambient conditions, a two-layer system with this outer film composition pointed out unmodified release patterns. The same system, proved to meet gastroresistance criteria when enteric-coated. The results obtained indicated that the proposed strategy would enable the preparation of erodible delivery systems with reduced size, possibly suitable as multiple-unit dosage forms.
Introduction
In the field of oral delivery, not only dosage forms intended for prolonged release but also for a time-dependent or site-targeted drug liberation have drawn growing interest over the last two decades. [1] [2] [3] Colon delivery, in particular, is a current focus of research because of its possible application in the treatment of large bowel pathologies, such as primarily inflammatory bowel disease (IBD), and to improve the oral bioavailability of peptides and proteins. [4] [5] [6] Indeed, the colon is considered as a potentially favorable absorption site for these molecules especially due to the lower levels of proteases and greater responsiveness of the mucosa to permeation enhancers as compared with proximal intestinal regions. [7] [8] [9] For colon delivery purposes, dosage forms for pulsatile release, intended to release the active ingredient following lag phases of programmable duration, can be exploited according to the time-based formulation approach, which is based on the relatively consistent small intestinal transit time (SITT). [10] [11] [12] [13] In this case, pulsatile delivery systems need to be enteric coated, so that unpredictable gastric residence time may be overcome, and provide a lag phase comparable to SITT.
An outline of all formulations that were manufactured and evaluated is reported in In vitro release tests (n=3) were carried out by means of a modified disintegration testing method (800 ml of fluid, 37±1°C) in order to overcome adhesion of the hydrated HPMC coating to the vessels of a paddle dissolution apparatus, as described previously. 26 All formulations were tested in phosphate buffer pH 6.8. Only the enteric-coated system was tested in HCl 0.1 N for 2 h and, subsequently, in phosphate buffer pH 6.8. Fluid samples were withdrawn at successive time points and assayed by spectrophotometer (Lambda 25, Perkin Elmer, Monza, Italy) at λ=248 nm after verifying agreement of results between the relevant method and a HPLC one. For this purpose, the approach reported in USP 37 General Chapter "Analytical Data-Interpretation and Treatment"
("Comparison of analytical methods", p. 519) was followed. 27 Samples were collected at 4 selected time points (0.6-70.0 µg/ml concentration range) during the release test of cores and coated systems having maximum coat thicknesses and Explotab ® V17 concentrations. Each sample was analyzed (n=6) by both UV and reverse phase-HPLC (column: C 18 at 40°C, mobile phase: deionized water for HPLC/acetonitrile/perchloric acid 3000:1000:3 v/v at pH=2.4, flow rate: 1.2 ml/min, detection:
UV at 248 nm, injection volume: 40 µl) using freshly prepared standard solutions as a reference.
The 95% confidence intervals for the differences in the sample means (UV minus HPLC) fell in the ±2% range with respect to the HPLC mean, which was considered acceptable within the scientific context concerned. 27, 28 tHENex10 except for tHENex15 with 10 µm-thick film ( Figures 3 and 4) . Notably, fairly reproducible lag times were observed prior to a fast liberation of the tracer drug in the case of outer films of 10 µm. On the other hand, with thicker coats, namely 20 and 30 µm, the onset of release was poorly reliable and, due to the high variability encountered, the performance could not be distinguished as a function of the coating level.
As expected, the percentage of Explotab ® V17 and the thickness of the external film had an opposite influence on the release pattern ( Table 2 ). The superdisintegrant content would indeed affect the permeability of the polymeric barrier, reasonably because of the hydrophilicity conferred and the gaps formed following hydration and possible leaching out of the pore former into the bulk medium. This would lead to an earlier and faster swelling of HPMC and, in turn, break-up of the system. In contrast, by increasing the thickness of the outermost coat, the relevant toughness would also be enhanced. Therefore, when thicker films are applied, HPMC would not only undergo a slower hydration because of hindered penetration of water but also need to swell to a greater extent before the disruption of the overlaid coating occurs, thus being reflected in longer lag phases and, possibly, in an erratic onset of release.
When considering two-layer systems based on minitablet cores, only the film-forming formulations at 15% and 20% of superdisintegrant (mHENex15 and mHENex20, respectively) were considered ( Figures 5 and 6 ). The unreliable release data obtained from tHENex10 systems were indeed ascribed to an insufficient concentration of pore former.
Minitablets with a 250 µm HPMC coating (mH) provided shorter delay phases than the previously investigated tablet-based systems (tH) reasonably because of the overall smaller amount of polymer applied (7.0 mg vs. 21.6 mg). Moreover, although able to prolong the duration of the delay period as compared with the starting HPMC-coated minitablets, the film formulations containing 15% and 20% of Explotab ® V17 were generally demonstrated less effective than in the case of two-layer systems based on 5 mm tablets, and a more pronounced slow drug liberation phase, during which ~15% of active ingredient leached out via a diffusion mechanism, was evident prior to the release pulse. This may be ascribed to the relatively larger surface area available for diffusion exposed by smaller units, and, in addition, the wider surface might lead to a broader spread of the disintegration pressure exerted by the core upon water inflow, which would less effectively promote a prompt break-up of the system at the end of the lag phase. As previously observed with the systems prepared from 5 mm cores, the release profiles of mHENex15 and mHENex20 were also strongly affected by the coating level and superdisintegrant content of the outer film. By raising the former, longer lag times were achieved from both formulations. However, the extent of variability markedly increased with the film thickness in the case of mHENex15. While the films containing Explotab ® V17 at 20%, because of the higher hydrophilicity, turned out to extend the duration of the lag phase to a lesser extent than mHENex15, the relevant data variability was reduced thus pointing out a more reliable performance and, possibly, a minor impact on the HPMC swelling and erosion phenomena. Interestingly, the average t 10% of mHENex20 with outer films of 20 and 30 µm, respectively, was more than three-and four-fold as compared with the mH reference formulation (Table 3) .
In order to investigate the role played by the applied films, the changes undergone by mHENex15 and mHENex20 systems with 30 µm-thick Eudragit ® NE/Explotab ® V17 coats while immersed in phosphate buffer pH 6.8 were monitored vs. the reference one-layer system (mH) (Figures 7 and 8 ).
The latter showed an initial increase in volume due to the swelling of HPMC, directly exposed to the medium (Figure 7a ). Afterwards, a progressive reduction in size, brought about by the erosion and dissolution of the hydrated polymer, was observed until complete disintegration at 90 min.
As compared with mH, mHENex15 was subject to a slower expansion that also continued after the external film started to break up (Figure 7b ). In this respect, it was hypothesized that the poor permeability of such a film would not enable a rapid hydration of the underlying HPMC layer, and the consequently slow swelling process would not result in a fast and homogeneous rupture of the film itself, which rather underwent the gradual formation of breaches and fissures.
In the case of mHENex20 (Figure 7c ), a swelling phase was initially noticed, much faster than with mHENex15 though slower than with mH. This was ascribed to a relatively rapid permeation of water through the external film, which allowed extensive hydration of HPMC while maintaining its integrity and progressively adapting to the expansion of the core unit. Subsequently, after failure of such a film and direct exposure of HPMC to the fluid, the hydrophilic polymer layer underwent a gradual erosion that led to a decrease in the system size.
Accordingly, the % variation in diameter vs. time curves obtained pointed out marked differences between the two-layer formulations under investigation (Figure 8 ). The pattern of mHENex20 was less differentiated from that of systems coated with HPMC only, with a slower and more persistent swelling that would account for the extended delays observed in the previous drug release profiles.
Interestingly, mHENex20 had already reached its maximum expansion by the time of break-up of the outer film, which was thereby demonstrated not to limit the extent of swelling of the HPMC layer. This was not surprising in view of the tensile properties displayed by isolated films with the same composition. 23 Indeed, the wet free film underwent a more than four-fold elongation at break.
Soon after the outer film disruption, i.e. when the polymer erosion/dissolution was no longer hampered, the diameter of mHENex20 started to decrease. By contrast, mHENex15 gained a % increase in volume by far lower than that exhibited by the other investigated systems over the same timeframe and kept expanding after rupture of the relevant film. As wet isolated films with the same composition were able to stretch up to approximately 5 times with respect to their original length, and no limitation to the extent of swelling was highlighted in the case of mHENex20 despite the greater amount of Explotab ® V17, which could have been expected to more deeply impact on the inherent flexibility properties of the polymethacrylate, the possibility that the HPMC expansion would mechanically be restrained in mHENex15 could be ruled out. The applied film was thus assumed to hinder a fast and extensive water uptake in view of its low permeability barrier characteristics.
Moreover, by relating the observed morphological changes to the profile of drug concentration in the immersion fluid, the onset of drug release from mHENex20 was assessed to coincide with the beginning of the core disintegration (data not shown). Because this occurred largely after breakage of the outer film, it was hypothesized that the latter would merely act as a temporary hindrance to water uptake and erosion phenomena rather than as a rupturable coating chiefly responsible for controlling the onset of release.
The film containing 20% of Explotab ® V17 was thus demonstrated to provide the desired prolongation of lag time without any major influence on the release mode, i.e. a fast release phase after the delay period was preserved. In order to better elucidate the role of such a film formulation in the control of drug liberation, systems without the intermediate hydrophilic coat were prepared and evaluated ( Figure 9 ). Minitablets provided with a Eudragit ® NE/Explotab ® V17 (20%) film (mENex20) of 20 µm showed a reproducible latency on the order of minutes, and a somewhat sigmoidal release profile. Although extended by the film of 30 µm, the lag period was much shorter than that exhibited by the corresponding two-layer system and still far from suitability for colon delivery purposes. From these results it was inferred that the Eudragit ® NE/Explotab ® V17 film formulation as such would provide a minor contribution to the overall duration of the lag phase. It was therefore evident that the HPMC layer would also be needed for a sufficient delay in the onset of drug liberation to be achieved and, probably, for the outer film break-up to be promoted, thereby avoiding a major impact on the rate of release. Importantly, because the lag time observed with twolayer units (mHENex20) was longer than the sum of those yielded by each single layer, a synergistic interplay should be assumed to operate between the HPMC and Eudragit ® NE/Explotab ® V17 coats.
The influence of the HPMC coating level was subsequently explored with the aim of further reducing, if possible, the overall dimensions of the final dosage forms whilst preserving a consistent pulsatile release behavior. For this purpose, minitablet-based systems provided with a thinner HPMC coat (150 µm) along with a 10 µm, 20 µm or 30 µm Eudragit ® NE film with Explotab ® V17
at 20% (mH150ENex20) were prepared, and their performance was compared with that of the corresponding systems having a 250 µm thick HPMC layer ( Figure 10 ). In these cases, the duration of the lag period was shorter as expected in view of a lower HPMC coating level. Moreover, although such two-layer formulations proved capable of prolonging the lag time lapse imparted by the sole HPMC coating, the variability in the onset of the release pulse and the tendency to a diffusive drug liberation were amplified when increasing the thickness of the outer Eudragit ® NE/Explotab ® V17 to 30 µm. In this respect, it is likely that, at a thickness of 150 µm, the expansion of the HPMC coating would be lower thus turning out less effective in aiding rupturing of the overlaid film, as highlighted during the release test. Therefore, not only the permeability and flexibility characteristics of the external coat but also the extent of swelling of the hydrophilic layer could be critical for the achievement of the desired release profile.
Finally, the release performance of the mHENex20 system with an outer film of 20 µm, stored under ambient conditions, was evaluated over a three-year time lapse (Figure 11 ). t 10% data were not significantly changed throughout the whole period, which indicated that the behavior of the overall formulation would not be altered as a consequence of storage, and the impact of any possible change in the dissolution characteristics of paracetamol would not be highlighted. 30 The same system was subjected to enteric coating in view of the final goal of the work, i.e. the design and evaluation of an oral delivery system for time-dependent colonic release. Such a system was able to withstand exposure to a 0.1 N HCl solution for 2 h and, when immersed in phosphate buffer pH 6.8, the release pattern provided was comparable to that shown by its non-gastroresistant counterpart, thus confirming the formation of a continuous Eudragit ® L film and lack of alteration of the underlying functional layers possibly brought about by enteric coating (Figure 12 ).
minitablet cores up to increasing levels. The outer films were generally demonstrated to extend the lag phase imparted by HPMC as a function of their thickness and superdisintegrant content.
Particularly, the formulation with 20% of Explotab ® V17 proved able to consistently enhance the efficiency of the hydrophilic layer in delaying the onset of drug liberation without any major impact on the relevant rate. Indeed, such a film was assumed to only slightly affect the swelling pattern of the underlying HPMC layer and not to limit its expansion upon hydration. The swellable/erodible coating was confirmed to play a crucial role in defining the release pattern, and a sufficient thickness thereof was needed in order to preserve the pulsatile release mode pursued. However, the performance obtained was proved to result from a synergistic interplay between the two overlaid layers.
The release behavior of a two-layer delivery system consisting in minitablet cores provided with a 250 µm HPMC coat and a 20 µm Eudragit ® NE film at 20% of Explotab ® V17 was demonstrated consistent over a period of 3 years, during which the samples were stored under ambient conditions.
Finally, the application of a Eudragit ® L gastroresistant coating prevented not only the drug liberation but also activation of the time-programmed lag phase while this formulation was immersed in the acidic fluid, without hindering the pulsatile release behaviour expected in the subsequent buffer medium.
Based on the overall results, the application of Eudragit ® NE/Explotab ® V17 films with appropriate thickness and composition was proved to be a viable formulation strategy to enhance the efficiency of the previously proposed swellable/erodible time-dependent colon delivery system in delaying drug release, thus allowing the relevant size to be reduced and the versatility as well as feasibility of the release platform to be improved. 
